1. Introduction {#s0005}
===============

Maternal smoking during pregnancy (MSDP) has been shown to be negatively related to offspring\'s physical development, both in fetal and newborn stages, with corresponding impact reaching into infancy, adolescence and even young adulthood ([@bb0025]; [@bb0060]; [@bb0075]; [@bb0080]; [@bb0095]; [@bb0115]; [@bb0170]; [@bb0175]; [@bb0180]). Among the antepartum and postpartum developmental complications associated with MSDP are spontaneous abortion ([@bb0165]), ectopic pregnancy ([@bb0175]), pre-eclampsia ([@bb0175]; [@bb0220]), placental rupture ([@bb0085]), fetal growth restriction, pre-term birth, and low birth weight ([@bb0095]). MSDP has also been associated with neurological and cognitive dysfunctions such as impediments to brain development among infants ([@bb0215]), poor visual-motor integration and verbal competence in young children ([@bb0065]), lower IQ, reduced scholastic achievement, and intellectual impairments in grade school children ([@bb0005]; [@bb0030]; [@bb0045]; [@bb0090]; [@bb0165]; [@bb0015]; [@bb0060]; [@bb0070]), and behavioral problems such as conduct disorders and attention deficit hyperactivity disorders (ADHD) in children aged from 6 to 16 years ([@bb0055]; [@bb0110]).

Several studies have identified a reduction in scholastic achievement among the offspring of mothers who smoked tobacco during pregnancy ([@bb0105]; [@bb0135]; [@bb0150]). For instance, [@bb0105] examined over 400,000 15-year-old Swedish students and their school performance measured by grade-point summary scores in 16 subjects in relation to their prenatal cigarette smoke exposure. The results showed a deficit among those who were exposed to prenatal cigarette smoke. A Finnish study assessed the mean academic grades for all subjects among 12-year-old children, and found a reduction in scholastic achievement among children of smokers compared to non-smokers ([@bb0135]). Similar results were also reported in an Australian prospective study of over 7000 mothers and their children ([@bb0150]). Conversely, data from the US National Collaborative Project, which included a sample of \~50,000 participants, found no association between MSDP and scholastic achievement measured by standardized scores from reading, spelling and arithmetic ([@bb0060]). This result was consistent with a Swedish quasi-experimental study using a sibling-comparison approach among 15-year-old students; there were no differences in school grades and math proficiency among the exposed and unexposed siblings ([@bb0040]).

In addition to the inconsistency in current knowledge regarding the relations between MSDP and academic outcomes in the offspring, few studies have sought to assess the impact of MSDP on scholastic outcomes at multiple time points, despite the need and calls for such studies ([@bb0135]). The few studies that have included an assessment of academic outcomes at more than one time period have not employed statistical models that account for the linked time structure in the data and hence the potential for a cumulative effect over time. For example, [@bb0060] assessed the relations between prenatal smoke exposure and academic achievement in 4- and 7-year-old children respectively, but found no association after controlling for potential confounders, and [@bb0100] found negative relations between MSDP and academic achievement in the offspring at ages 10, 13 and 15. Thus, in order to understand the cumulative, long-term impact of MSDP on academic achievement, studies need to employ consistent measures that capture academic achievement over several developmental periods, and analytic methods that tests them simultaneously in one coherent model.

Another related problem with previous assessments has been the variation in covariates studied. These include both birth-related factors such as birth weight and familial characteristics that may contribute to the relationship between MSDP and cognitive outcomes (e.g., [@bb0060]; [@bb0120]), while other studies have indicated that familial factors such as mother\'s education are more likely than birth related measures to explain cognitive outcomes ([@bb0010]; [@bb0020]; [@bb0025]; [@bb0215]). At the same time, a few studies have included an extensive range of birth-related outcomes, but have omitted familial and social factors at time of assessment ([@bb0105]), and others have included social and familial characteristics at the time of assessment but have failed to include birth-related factors ([@bb0150]). Given the relative importance of these two sets of covariates and appeals for more consistency in the selection of covariates ([@bb0025]; [@bb0075]; [@bb0080]; [@bb0095]; [@bb0115]; [@bb0175]), studies that incorporate both while simultaneously controlling for social and familial factors at different assessment periods could better illuminate the relationship between MSDP and academic achievement.

The aim of this study was to improve the current understanding of the potential long-term impact of MSDP on academic achievement. We examined the impact of MSDP on standardized academic scores at the age of 10--11 (4th grade), 13--14 (7th grade), and 15--16 (10th grade), with data collected at birth, during the neonatal period, and at each grade level. We hypothesize that maternal smoking would lead to both lower baseline achievement scores, as well as cumulative lower scores over time.

2. Methods {#s0010}
==========

2.1. Sample and participants {#s0015}
----------------------------

This report is based on data from the LIFECOURSE study of risk and protective factors being conducted by the Centre for Social Research and Analysis (ICSRA) at Reykjavik University in Iceland. LIFECOURSE is a developmental cohort study that covers the early lifespan of a birth cohort of children from before birth to the age of 15/16. The theoretical framework for the study has been described elsewhere ([@bb0195]). The study sampling frame consists of all children born, and residing in, Reykjavik, Iceland, in the year 2000 (*N* = 1151, girls = 49.3%). Study material for the investigation comprised a combination of official registry data from several national data banks assembled from 2014 to 2016. For the purpose of this analysis, we used retrospective registry data from the following sources: i) The National Birth Registry at the Landspitali University Hospital, ii) Antenatal records from the Mother care registry at the Primary Health Care Clinics, both overseen by the Icelandic Directorate for Health which oversees the entire health registry system in Iceland, iii) the Educational Testing Institute (ETI) overseen by the Ministry of Education, Science, and Culture, and iv) the Statistical Bureau of Iceland. The study was reviewed and approved by the National Bioethics Committee of Iceland (equivalent to a national IRB) and the study has been registered and acknowledged by the Personal Protection Authority.

2.2. Measures {#s0020}
-------------

### 2.2.1. Achievement {#s0025}

Achievement score data in mathematics and the Icelandic language in 4th (aged 10--11), 7th (age 13--14), and 10th (age 15--16) grades came from the ETI database. Grading in Iceland is given on a numerical scale from 0 to 10 with 5 and above as "passed" and 7.25 and above regarded as first-class grade. For the purpose of this assessment, the ETI delivered standardized grades on a scale from 0 to 60 for each subject, with mean scores fixed at 30, and a combined scale for the two subject ranging from 0 to 120.

### 2.2.2. Annual household income {#s0030}

Data on the total income for the household were available by year, and calculated in the survey as the additive combination of income from employment, capital, and any other income revenue. Explorative analysis of all year\'s data revealed that the final available year of income, 2013, had the strongest statistical relationship to the achievement variables. This variable, ranging from 0 to 172 million ISK, was further split into deciles, with 10% in each group, in order to account for excess 0's and very strong positive skew.

### 2.2.3. Maternal smoking {#s0035}

Maternal smoking during pregnancy was assessed during the first antenatal visit which usually takes place towards the end of the first trimester in Iceland. Expecting mothers were asked whether they currently smoke tobacco or if they did so before knowing about becoming pregnant. Smoking status was initially coded as (0) no, (1) yes, sometime during pregnancy, and (2) yes, before knowing about pregnancy. Previous work ([@bb0100]) demonstrated that those endorsed the final option (10% of the population) were more similar to those who said no than to regular cigarette smokers. Thus, we recoded this variable into (1) yes, sometime during pregnancy and (0) no smoking or smoking prior to knowing about pregnancy.

### 2.2.4. Cohabitation at birth {#s0040}

Maternal cohabitation with the father at time of birth data came from the birth registry database, and was recoded into (1) yes, (0) no.

### 2.2.5. Gender of child {#s0045}

Sex at birth data came from the birth registry database, and was recoded into (1) male, (0) female.

2.3. Procedure {#s0050}
--------------

Contact information for the sample was acquired through the national Statistical Bureau and sister agencies. A non-traceable research identification number was created for each participant and flash drives with this information delivered to local personnel at each site with the proper authority to handle the sensitive and personal information. The data collected were then prepared and transferred to files at each site during the years 2014--2016 using the research ID number to identify participants while removing all personal information upon delivery of the data files to the research team. Available data for each variable in the registry material ranged from 980 to 1149 or 85.1% to 99.8% of the study sample. A key that links individual names and contact information to research IDs is maintained by a third party at the Primary Health Care Clinics and is not accessible to the research team.

2.4. Statistical analysis {#s0055}
-------------------------

All analyses were conducted in SAS v. 9.4 ([@bb0190]). Descriptive statistics were generated for all variables included in the analysis, i.e., frequency and valid percent reporting for categorical or binary variables, and mean, standard deviation, and minimum and maximum values for continuous variables. Pearson, Point-Biserial, and Kendall\'s tau correlations were calculated for all study variables as appropriate for the variable type. Additional independent sample *t*-tests, with alpha set to 0.05, were included for testing differences between each achievement measure and maternal smoking status.

To test the key research question concerning the impact of maternal smoking status on child achievement scores over time, we followed a latent growth model (LGM) analytic approach that utilized structural equation modeling allowing repeated measures over time via latent intercepts and slopes. This analytic technique has advantages over more traditional methods of repeated measures analysis by addressing individual differences in growth trajectories in terms of latent variables (i.e., allowing latent variables to represent intercepts and slopes over time; [@bb0035]; [@bb0140]). In this model, the intercept parameter estimate is interpreted as the predicted growth curve when the set of predictors are all equal to 0 (i.e., at baseline), and the slope parameter estimate is interpreted as the predicted growth curve for each unit change in time.

A series of models was conducted following the approach recommended by [@bb0210] and modified as needed for updates in the SAS PROC CALIS procedure. This approach included maximum likelihood estimation, testing measurement components related to the repeated measures (such as linear and non-linear growth, auto regression and moving average, or ARMA), first on each individual set of achievement measures and then on the combination of achievement measures, including multivariate, associative, factor-of-curves, conditional factor-of-curves, and related ARMA factor-of-curves LGM.

Additional measurement testing included common slopes and intercepts across the measurement models and assessment of correlated errors. Models were compared with a variety of goodness of fit measures, including Akaike\'s Information Criteria (AIC) with preferred lowest across models, non-significant model chi-square (*P* \> 0.05), Comparative Fit Index (CFI) \> 0.95, and Root Mean Square Error of Approximation (RMSEA) \< 0.05 or 90% confidence interval including 0.05. Once the best fitting measurement model was determined, structural components were included in the model as suggested by theoretical model appropriateness and statistical fit.

Additional testing was done by assessing a model without gender against; 1) a model with gender as a covariate and, 2) gender as a stratification variable for group-based differences. A group-based model, (gender stratification) produced the poorest fit. The best fitting models are presented both with and without gender as a covariate, while testing the nested model for chi-square differences where improved fit for a more complex model was determined as a significant (*P* \< 0.05) difference test. Parameter estimates, including standardized and unstandardized beta coefficients with t-values, are presented for the structural models.

3. Results {#s0060}
==========

3.1. Descriptive statistics {#s0065}
---------------------------

[Table 1](#t0005){ref-type="table"} presents correlations for all study variables. Around a quarter of the sample (19%) reported smoking during pregnancy, and yet significant negative correlations were found between maternal smoking and all study variables except for male gender. Independent sample *t*-tests showed significant (all *p* \< 0.01) differences in mathematics achievement, with those who reported maternal smoking having lower means compared with no maternal smoking in 4th grade: 27.69 (9.81) v. 31.52 (10.37), 7th grade: 27.69 (9.91) v. 31.66 (9.98), and 10th grade: 28.06 (10.52) v. 32.48 (10.11). Differences were also found, albeit not as strong, for Icelandic achievement scores, including 4th grade: 29.75 (10.16) v. 32.16 (10.30), *P* = 0.01, 7th grade: 28.99 (10.73) v. 31.90 (10.12), *P* = 0.01, and 10th grade: 29.03(10.28) v. 32.58 (10.57), *P* \< 0.01.Table 1Correlations and descriptive statistics. The LIFECOURSE cohort study, Iceland.Table 1Measure123456789101. Deciles, Total income in 2013--2. Male−0.015--3. Maternal smoking−0.226[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.008--4. Cohabitation at birth0.269[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.008−0.201[⁎⁎⁎](#tf0005){ref-type="table-fn"}--5. Math, grade 40.201[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.070[⁎](#tf0015){ref-type="table-fn"}−0.142[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.057--6. Math, grade 70.213[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.011−0.152[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.120[⁎⁎](#tf0010){ref-type="table-fn"}0.701[⁎⁎⁎](#tf0005){ref-type="table-fn"}--7. Math, grade 100.269[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.02−0.166[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.127[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.617[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.751[⁎⁎⁎](#tf0005){ref-type="table-fn"}--8. Icelandic, grade 40.172[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.134[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.089[⁎⁎](#tf0010){ref-type="table-fn"}0.0610.622[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.530[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.512[⁎⁎⁎](#tf0005){ref-type="table-fn"}--9. Icelandic, grade 70.212[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.143[⁎⁎⁎](#tf0005){ref-type="table-fn"}−0.109[⁎⁎](#tf0010){ref-type="table-fn"}0.130[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.598[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.674[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.618[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.784[⁎⁎⁎](#tf0005){ref-type="table-fn"}--10. Icelandic, grade 100.242[⁎⁎](#tf0010){ref-type="table-fn"}−0.219[⁎⁎](#tf0010){ref-type="table-fn"}−0.131[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.106[⁎⁎](#tf0010){ref-type="table-fn"}0.561[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.651[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.730[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.710[⁎⁎⁎](#tf0005){ref-type="table-fn"}0.807[⁎⁎⁎](#tf0005){ref-type="table-fn"}--  Descriptive statisticsN107911491103114910261043997101810591009Mean or N4.5058221095630.6430.8331.5731.6231.2331.81STD or %2.8750.65%19.04%83.20%10.3710.0510.2610.3810.3010.55Minimum0------000000Maximum9------605860596060[^1][^2][^3][^4]

3.2. Latent growth models {#s0070}
-------------------------

The best fitting measurement model was an associative LGM with correlated errors between mathematics and Icelandic grades at 4th grade, at 7th grade, and at 10th grade. Best-fitting structural additions included allowing a cross-lagged structure between the intercepts on slopes, allowing correlations between disturbances for slopes and for intercepts, and covariates which selectively impacted the intercepts and slopes for mathematics and Icelandic achievement. [Table 2](#t0010){ref-type="table"} shows the model fit and comparisons for the final model excluding gender as a covariate, gender as a covariate, and stratified by gender. The chi-square difference test suggests both models fit well (*P* = 0.11) and thus including gender as a covariate does not hurt our model fit. Excellent model fit was obtained for the final model. [Table 3](#t0015){ref-type="table"} gives the parameter estimates for the model including gender as a covariate. Notably, maternal smoking is negatively associated with baseline math scores (ß = −0.09) after controlling for gender and income. There is moderate statistical evidence that it continues to negatively impact math achievement scores over time (β = −0.08) after controlling for gender, income, cohabitation, and baseline math and Icelandic achievement scores. Maternal smoking similarly although more weakly influences baseline Icelandic achievement scores (β = −0.04) and Icelandic achievement over time (β = −0.05).Table 2Model fit and comparisons.Table 2ModelNumber of parametersChi-square test of model fitDF*P*-valueAICRMSEA90% CI RMSEACFINo gender4212.13120.44496.030.0020.00--0.041.000Stratified by gender42172.3866\<0.0001256.380.0640.05--0.080.973Gender as a covariate4821.17170.219117.180.0180.00--0.040.999Models comparedChi-square test of differenceDF*P*-valueNo gender against covariate9.0450.11[^5][^6][^7][^8]Table 3Structural parameter estimates for best-fitting model, gender included as covariate (*N* = 792).Table 3Dependent variableIndependent variableUnstandardized estimatesStandard errorStandardized*t* valueR-squareMathematics intercept27.8530.80734.525[⁎⁎⁎](#tf0020){ref-type="table-fn"}0.067Deciles, Total income in 20130.6730.1250.2145.392[⁎⁎⁎](#tf0020){ref-type="table-fn"}Male1.3030.6880.0741.894Maternal smoking−2.1400.938−0.090−2.283[⁎](#tf0030){ref-type="table-fn"}Mathematics slope2.4280.8742.778[⁎](#tf0030){ref-type="table-fn"}0.136Math intercept−0.1410.043−0.409−3.314[⁎⁎](#tf0025){ref-type="table-fn"}Icelandic intercept0.0440.0370.1311.190Deciles, Total income in 20130.1290.0550.1192.353[⁎](#tf0030){ref-type="table-fn"}Male−0.4500.313−0.073−1.436Maternal smoking−0.6600.392−0.081−1.686Cohabitation0.8260.3940.0972.097[⁎](#tf0030){ref-type="table-fn"}Icelandic intercept30.5900.81137.741[⁎⁎⁎](#tf0020){ref-type="table-fn"}0.061Deciles, Total income in 20130.6260.1250.1934.992[⁎⁎⁎](#tf0020){ref-type="table-fn"}Male−2.5160.692−0.138−3.638[⁎⁎](#tf0025){ref-type="table-fn"}Maternal smoking−0.9960.942−0.041−1.057Icelandic slope1.3920.850--1.6370.226Icelandic intercept−0.1820.036−0.629−5.100[⁎⁎⁎](#tf0020){ref-type="table-fn"}Math intercept0.1430.0360.4824.011[⁎⁎⁎](#tf0020){ref-type="table-fn"}Deciles, Total income in 20130.0790.0490.0851.613Male−1.3830.279−0.263−4.950[⁎⁎⁎](#tf0020){ref-type="table-fn"}Maternal smoking−0.3740.348−0.053−1.075Cohabitation0.5830.3530.0801.653CovariancesMaternal smoking and income−0.2010.038−0.191−5.285[⁎⁎⁎](#tf0020){ref-type="table-fn"}Cohabitation and income0.2670.0370.2637.154[⁎⁎⁎](#tf0020){ref-type="table-fn"}Cohabitation and maternal smoking−0.0280.005−0.211−5.797[⁎⁎⁎](#tf0020){ref-type="table-fn"}[^9][^10][^11]

4. Discussion {#s0075}
=============

MSDP has significant negative, and educationally relevant, impact on baseline standing in mathematics and Icelandic achievement scores, and continues to exert negative impact on these scores over time. Bi-variate relationships revealed that male gender was not associated with MSDP; child gender may act as a moderator in the relationship between MSDP and academic achievement, we included a model with and without gender as a covariate. As expected, independent samples tests provided evidence that the offspring of those who reported maternal smoking during the first trimester of pregnancy had lower scores on average for both subjects (mathematics and Icelandic) at the 4th, 7th and 10th grades in comparison to those whose mothers did not smoke during the first trimester of pregnancy.

We extended our analytical approach with LGM, with and without gender as a mediator. The LGM models further demonstrated the negative impact of MSDP on academic performance for both mathematics and Icelandic achievement scores. More specifically, maternal smoking was predictive of a reduction in math scores at baseline and over time, irrespective of gender. Similar results were observed for Icelandic achievement scores at baseline and over time, although the magnitude of effects was not as large as mathematics scores. These results suggest that the negative effects of pre-natal exposure to maternal smoking may negatively affect the cognitive abilities of offspring and, perhaps more profoundly, that this negative effect may persist over time.

There are several plausible explanations for these findings. First, the carbon monoxide in cigarette smoke absorbed by mother and fetus creates high levels of carboxyhemoglobin; this reduces intrauterine oxygenated blood flow and may result in fetal hypoxia, intrauterine growth restriction and low birth weight ([@bb0125]; [@bb0145]; [@bb0180]; [@bb0205]). Second, nicotine has been identified as neuroteratogen that alters the neural development passageways of the brain and may reduce brain growth and head circumference ([@bb0050]; [@bb0155]; [@bb0185]). Reduced head circumference in low birth weight infants is associated with reduced cognitive and neuropsychological abilities in school-age children ([@bb0130]). Pre-natal nicotine exposure has also been linked to post-natal neurobehavioral defects such as attention deficit-disorder, learning disabilities, hyperactivity and increased risk of behavioral problems ([@bb0130]; [@bb0155]; [@bb0160]; [@bb0180]; [@bb0185]).

The evidence from this study is consistent with previous research, which has identified a reduction in scholastic achievement in the offspring exposed to maternal smoking during pregnancy ([@bb0105]; [@bb0135]; [@bb0150]). Earlier studies examining the relationship between MSDP and academic achievement adjusted for either birth-related ([@bb0105]) or familial characteristics ([@bb0150]), thus limiting the impact of potential confounders; however, academic achievement was not assessed at different time points. Consequently, the present study sought to employ a longitudinal assessment that would identify possible changes in the association between MSDP and academic achievement over time. In contrast, this study conflicts with studies by [@bb0060] and [@bb0040]; their results showed no association with MSDP and scholastic achievement. A review from [@bb0025] also identified similar null relationships, or slight relationships, which were later attenuated by other factors.

This study has several noteworthy strengths. First, we employed a longitudinal cohort design that permitted assessments at three time points. To our knowledge, this is the first study to employ such a design in assessing the relationship between MSDP and academic achievement. Second, the use of registry data is more likely to circumvent random errors associated with self-reports and thus strengthens the validity of our findings. Third, the use of an analytic approach that accounts for the correlation of data adds robustness to the methodology and findings. These strengths notwithstanding, this study is not without limitations. First, no data were available with which we could verify the smoking status of mothers or determine the duration or frequency of smoking beyond the first trimester of pregnancy. Second, we were not able to capture data regarding exposure to second-hand smoking from, for example, a smoking partner or other family member. Moreover, neurodevelopmental outcomes may be partly influenced by genes and maternal education ([@bb0070]; [@bb0200]); however, we were unable to obtain data on parental education levels or on genetic inheritance. Finally, maternal IQ, quality of the home environment, mother-child relationship, parental roles and performance, and the number of siblings could not be assessed.

5. Conclusions {#s0080}
==============

Maternal smoking during pregnancy exerts a negative impact on academic achievement beginning in childhood and going well into early adolescence. These negative effects persist irrespective of gender and time. Smoking during the first trimester of pregnancy may have long-lasting detrimental impact on the academic potential of offspring. Future research should seek to replicate these findings among more diverse populations, while controlling for maternal education levels, and cumulative smoking exposure throughout the entire pregnancy.
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[^1]: Correlations are Pearson for continuous variables, Point-Biserial for continuous with binary variables, and Kendall\'s tau for binary variables.

[^2]: *p* \< 0.0001.

[^3]: *p* \< 0.001.

[^4]: *p* \< 0.05.

[^5]: DF: Degrees of freedom.

[^6]: AIC: Akaike\'s Information Criteria.

[^7]: RMSEA: Room mean square error of approximation.

[^8]: CFI: Comparative fit index.

[^9]: *p* \< 0.0001.

[^10]: *p* \< 0.001.

[^11]: *p* \< 0.05.
